In Brief
Peroxisomes are organelles involved in lipid metabolism and reactive oxygen species turnover. Di Cara et al. now show that peroxisomes are required to resolve microbial infection by innate immunity. Peroxisomes assist in the progression of phagocytosis and activate innate immune signaling to promote survival in the face of microbial challenge.
INTRODUCTION
An organism relies on innate immunity for survival early after exposure to a microbial pathogen. Innate immunity depends upon specialized cells that recognize conserved features of microorganisms to elicit an appropriate antimicrobial response (Blander and Sander, 2012) . Removal of microbial pathogens by these cells requires phagocytosis (Aderem and Underhill, 1999; Gordon, 2016; Stuart and Ezekowitz, 2008) , an event that includes recognition, engulfment, and clearance of the pathogen. Formation of a phagosome starts with microbes binding to phagocytic receptors, triggering reorganization of the plasma membrane and underlying cytoskeleton to facilitate engulfment (Aderem and Underhill, 1999) . Recognition and internalization of bacteria trigger activation of signaling pathways that induce cell autonomous and non-autonomous immunological responses (Buchon et al., 2014; Gordon, 2016) .
Phagosome formation is well characterized, and the key proteins involved have been largely identified (Garin et al., 2001) . Much of what is known about phagocytosis has come from studying macrophages, the most actively phagocytic cells in higher metazoans. The process of phagocytosis is conserved in the fruit fly Drosophila. Flies have circulating macrophages called hemocytes with properties similar to those of mammalian macrophages (Rizki and Rizki, 1980) . The Drosophila Schneider 2 (S2) cell line is functionally analogous to Drosophila hemocytes.
Peroxisomes are organelles found across the eukaryotes. Conserved Peroxin (Pex) genes encode proteins that are required for peroxisome formation and maintaining peroxisome populations (Smith and Aitchison, 2013) . Peroxisomes function in lipid metabolism and the detoxification of reactive oxygen species (ROS) (Nguyen et al., 2008; Wanders and Waterham, 2006) . As lipids and ROS have recently emerged as important signaling factors in cellular and systemic immune responses (Nathan and Shiloh, 2000; Neyen and Gordon, 2014) , we investigated a role for peroxisomes in the innate immune response using Drosophila cells and animals in which two key peroxin genes, Pex5 and Pex7, were impaired. We found a previously unknown role for peroxisomes in microbe engulfment and host defense by macrophages. Both cultured cells and adult flies with impaired peroxisomes had a reduced capacity to respond to microbial pathogens and exhibited defects in immune signaling and reduced viability. We observed a similar requirement for peroxisomes in microbe engulfment in murine macrophages. Our findings demonstrate that peroxisomes are essential for the activation of, and successful defense by, the innate immune system.
RESULTS

Pex5 and Pex7 Are Required for Phagocytosis by
Drosophila Cells Pex5 and Pex7 are conserved receptors that recognize peroxisomal proteins made in the cytosol and target them to the peroxisomal matrix. RNA interference (RNAi) of Pex5 or Pex7 compromises peroxisome function (Baron et al., 2016; Braverman et al., 1997; Mast et al., 2011) . We analyzed the effect of RNAi of Pex5 (Pex5-i) and Pex7 (Pex7-i) in Drosophila GFP-SKL S2 cells ( Figure S1A ) infected with the Gram-negative bacterium, Escherichia coli. GFP fused to the peroxisomal targeting signal type 1 (PTS1) Serine-Lysine-Leucine-CO 2 H (SKL) labels peroxisomes. Control cells efficiently phagocytosed E. coli (Figures (D) Reduced phagocytosis is specific for depletion of Pex5 and Pex7. Cells were incubated with equal numbers of E. coli cells for 2 hr or 16 hr. After incubation, the E. coli cells remaining were counted (CFU). No significant difference from control was seen when Pex23 was depleted (Pex23-i). Values reported in (C) and (D) represent the averages of 8 and 5 independent experiments ± SD. Statistical significance was determined using Student's t test; ***p < 0.001; **p < 0.01; ns = not significant. Please see also Figures S1 and S2 and Videos S1, S2, S3, S4, S5, S6, S7, S8, and S9. Figures 1A-1C ). The roles of Pex5 and Pex7 in whole animals in response to bacterial infection were examined via targeted expression of transgenically encoded doublestranded RNA in larval hemocytes. Hemocytes from control larvae exhibited substantial internalization of heat-killed E. coli zymosan particles, compared to the relatively limited internalization observed in Pex5-i or Pex7-i cells (Figures S1B and S1C) . SCAR (suppressor of cAMP receptor) is a major regulator of phagocytosis in Drosophila (Stroschein-Stevenson et al., 2006; Zallen et al., 2002) . Multi-spectral imaging flow cytometry (IFC) showed that Pex5-i, Pex7-i, and SCAR-i cells exhibited reduced uptake of E. coli compared to control cells ( Figure 1C ). This reduction was not specific for E. coli, as Pex7-i cells exhibited a similar reduction in uptake of the yeast Candida albicans (Figure 1C) . The reduction in uptake was specific for Pex5-i and Pex7-i cells, as cells with reduced amounts of Pex23 (Pex23-i), which is not essential for peroxisome formation (Mast et al., 2011) , did not show impaired clearance of bacteria, even after extended incubation ( Figure 1D ).
Pex5-i and Pex7-i cells exhibited reduced phagocytosis of E. coli and latex beads (
Pex5-i and Pex7-i Cells Show Defects in the Cytoskeleton
Live-imaging of Pex5-i, Pex7-i, SCAR-i, and Pex13-i cells infected with E. coli was done to examine the dynamics of the cell-bacterium interaction. Pex13 encodes a peroxisomal membrane protein required for protein import into peroxisomes (Smith and Aitchison, 2013) . After contact with bacteria, control GFP-SKL cells formed many membrane protrusions, which was followed by the formation of a phagosome cup and engulfment of bacteria (Video S1). In contrast, cells depleted for Pex5, Pex7, SCAR, or Pex13 bound bacteria at their surfaces, but no phagosome cup was observed even after 14 hr (Videos S2-S8). Membrane movement was impaired in these cells. The compromised response to an external challenge of these depleted cells was again not specific to E. coli as similar results were obtained when Pex5-i cells were exposed to latex beads (Video S9).
Defects in actin organization were seen in Pex5-i and Pex7-i cells incubated with bacteria ( Figure S2A ). We assayed how loss of peroxisomes affected cell motility by examining the ability of cells to repopulate an area cleared of cells. Control cells largely repopulated the area by 16 hr, while large areas without cells were observed in Pex5-i cultures at 16 hr ( Figure S2B) . Notably, the organized localization of SCAR seen in control cells was disrupted in Pex5-i cells and in Pex7-i cells ( Figure S2C ), consistent with the role of SCAR in actin polymerization and the presence of an altered cytoskeleton in Pex5-i and Pex7-i cells. IFC showed that SCAR-i cells also depleted for Pex5 or Pex7 transcripts were unchanged in their uptake of E. coli relative to cells depleted for each gene individually ( Figure S2D ), suggesting that Pex5, Pex7, and SCAR do not act in parallel pathways.
Peroxisomes Localize to Sites of Phagosome Formation
The reduced uptake of E. coli by Pex5-i and Pex7-i cells was not due to altered endosome formation, as the distribution of Rab5, an early endosome marker, was similar in infected control, Pex5-i, and Pex7-i cells (Figure 2A) . However, the localization of Lamp1, a late endosome and lysosome marker, was altered in Pex5-i and Pex7-i cells incubated with bacteria compared to control cells, showing that these depleted cells had fewer and larger lysosomes compared to control cells and suggesting that Pex5-i and Pex7-i cells that do manage to phagocytose bacteria have defects later in phagosome processing ( Figure 2B ).
To probe a requirement for peroxisomes in phagosome formation or maturation, we incubated GFP-SKL cells with E. coli bioparticles that fluoresce when incorporated into early phagosomes. A subset of peroxisomes was observed to cluster around phagosomes containing bioparticles ( Figure 2C ).
Transmission electron microscopy showed that cells infected with bacteria formed vacuoles of varying size containing bacteria and adjacent to large vesicular structures ( Figure 2D , b) that were not observed in uninfected cells ( Figure 2D, a) . Pex5-i and Pex7-i cells had a low uptake of E. coli ( Figure 2D , c and d), as evidenced by the low number of vacuoles in their cytoplasm. Higher magnification images of infected control cells showed E. coli cells within a large vacuole, presumably a phagosome, surrounded by mitochondria and electron-dense round vesicles with the morphological features of peroxisomes ( Figure 2D , e). Immunogold labeling with antibodies to PTS1 confirmed that these vesicles were peroxisomes ( Figure 2D, f) .
Vector analysis of the movement of peroxisomes labeled with GFP-SKL (green) indicated that peroxisomes moved randomly in uninfected cells ( Figure S2E, a) . In cells in close contact with a single E. coli (red), peroxisomes moved preferentially toward the E. coli cell and concentrated adjacent to it (Figure S2E, b) . In cells in contact with multiple E. coli cells, peroxisomes were restricted in their movement and were observed to concentrate adjacent to each E. coli cell ( Figure S2E , c). These data suggest a redistribution of peroxisomes toward sites of phagocytosis.
Peroxisomes Regulate H 2 O 2 Upon Bacterial Infection
The clustering of peroxisomes around phagosomes (Figures 2C and 2D, e and f) and the defects observed in lysosome maturation in Pex5-i and Pex7-i cells ( Figure 2B ) suggested a role for peroxisomes in phagosome formation and/or maturation. Peroxisomes are also a major producer and scavenger of ROS and reactive nitrogen species (RNS), including hydrogen peroxide (H 2 O 2 ) and nitric oxide (NO) (Schrader and Fahimi, 2006) . H 2 O 2 and NO are permeable and diffusible molecules involved in inter-and intracellular signaling during host defense in human (Bedard and Krause, 2007; Blander and Sander, 2012) and Drosophila (Buchon et al., 2014; Foley and O'Farrell, 2003; Gonzalez et al., 2013) .
We compared H 2 O 2 amounts in uninfected and bacterially infected control, Pex5-i and Pex7-i cells ( Figure 3A ROS in cells was determined visually by staining with dihydroethidium (DHE). An increased DHE signal was observed in control, Pex5-i and Pex7-i cells infected with E. coli compared to uninfected cells ( Figure 3B ). Quantification indicated increased ROS in infected cells ( Figure 3C ). ROS were 3-fold greater in uninfected Pex5-i and Pex7-i cells than in uninfected control cells and were similar in amount to ROS in infected control cells. The ROS in Pex5-i and Pex7-i cells increased upon infection with E. coli and were elevated 4-fold or more to the ROS in infected control cells. Our results are consistent with a requirement for Pex5 and Pex7 in mediating ROS in the cellular response to bacterial infection.
ROS at normal physiological amounts are necessary for cytoskeleton remodeling at phagocytic sites and for activation of immune signaling, while an imbalance in ROS affects the assembly of cortical actin and the ability of cells to phagocytose (Gonzalez et al., 2013 ization of bacteria similar to what was observed in Pex5-i and Pex7-i cells (Figure 3D) . Moreover, defects in actin organization were seen in H 2 O 2 -treated cells ( Figure 3E ). Cells with reduced peroxisomal catalase (Cat-i), which converts H 2 O 2 to water and molecular oxygen, also exhibited defects in actin organization ( Figure 3E ) and reduced bacterial uptake ( Figure 3D ).
To investigate a link between peroxisomal ROS and phagocytosis, we ectopically expressed a gene encoding catalase driven by the Act5C promoter (Act-Cat) in Pex5-i and Pex7-i cells (Figure 3D ), which were then infected with E. coli for 2 hr. Infected Pex7-i cells expressing Cat (Pex7-i; Act-Cat) exhibited increased phagocytosis compared to infected Pex7-i cells, whereas infected Pex5-i cells expressing Cat (Pex5-i; Act-Cat) phagocytosed E. coli to the same extent as Pex5-i cells. Therefore, overexpression of Cat could rescue the phagocytosis defect observed in Pex7-i cells but not Pex5-i cells. This was not unexpected, as Pex5-i cells are compromised in the import of peroxisomal proteins like catalase that are targeted by PTS1, while Pex7-i cells are reduced for the receptor that recognizes proteins targeted to the peroxisomal matrix by an unrelated PTS2 (Swinkels et al., 1991).
We also reduced ROS in control, Pex5-i, and Pex7-i cells with the ROS scavenger, sodium pyruvate, before infection with E. coli. Pex5-i and Pex7-i cells treated with sodium pyruvate exhibited increased internalization of E. coli relative to untreated infected Pex5-i and Pex7-i cells ( Figure 3D ). Therefore, reducing cellular ROS can compensate for the reduced bacterial uptake observed in Pex5-i and Pex7-i cells.
Drosophila Requires Peroxisomes to Survive Infection
To ascertain whether Pex5 or Pex7 has a role in ROS-mediated bacterial phagocytosis in adult flies, we depleted Pex5 and Pex7 ubiquitously by expression of dsRNA transgenes via the Act5C promoter. The efficiency of RNAi in each strain was confirmed by qRT-PCR ( Figure S2F ). H 2 O 2 amounts were measured in 2-to 3-day-old flies infected for 6 hr with the Gram-negative bacterium Erwinia carotovora (Ecc15). Oral infection with Ecc15 was used, as Act > Pex5-i and Act > Pex7-i flies showed increased sensitivity to wounding when vehicle alone was injected ( Figures S3A-S3C ). At 6 hr of infection, control adults had approximately 10-fold higher amounts of H 2 O 2 than uninfected control flies ( Figure 3F ). H 2 O 2 amounts in infected control flies 10 hr after removal of the pathogen, i.e., at 16 hr, were similar to uninfected control flies at 16 hr ( Figure 3F ). When Act > Pex5-i flies were infected for 6 hr, the amounts of H 2 O 2 rose, but the ratio between infected versus uninfected animals was only 2-fold and dropped to 1.5-fold after 16 hr (Figure 3F) . The amounts of H 2 O 2 in infected Act > Pex7-i flies at 6 hr also increased relative to uninfected siblings by 5.5-fold (Figure 3F) . During acute infection of Act > Pex7-i flies, the amounts of H 2 O 2 dropped but remained 2-fold higher than in uninfected Act > Pex7-i flies ( Figure 3F ) and almost 3-fold higher than in uninfected control flies ( Figure 3F ). Together, these data show that the metabolism of H 2 O 2 in response to bacterial infection is dependent on both Pex5 and Pex7.
To determine whether there is a role for peroxisomes in response to chronic infection, Act > Pex5-i and Act > Pex7-i adult flies were tested for their ability to survive chronic infection by Ecc15 and E. coli. Uninfected Act > Pex5-i and Act > Pex7-i flies did not show reduced viability compared to uninfected control flies ( Figure 4A ). When infected with Ecc15, 50% of Act > Pex5-i flies and 30% of Act > Pex7-i flies died after 4 days (Figure 4B ). Act > Pex5-i and Act > Pex7-i flies infected with Ecc15 continued to die at a greater rate than control flies until day 7 post infection when all Act > Pex5-i and Act > Pex7-i flies were dead ( Figure 4B ). Similarly, when infected with E. coli, 65% of Act > Pex5-i flies and 75% of Act > Pex7-i flies died after 4 days, and Act > Pex5-i and Act > Pex7-i flies continued to die at a greater rate than control flies until day 6 post infection when all Act > Pex5-i and Act > Pex7-i flies were dead ( Figure 4C ). A requirement for peroxisomes in response to chronic infection was not limited to infection with Gram-negative bacteria, as Act > Pex5-i and Act > Pex7-i flies were more sensitive to infection with the Gram-positive bacterium Staphylococcus aureus ( Figure 4D ) or the yeast Candida albicans ( Figure 4E ). Quantitative assessment of the pathogen load of a microorganism extracted from flies showed that the load was greater for both Act > Pex5-i and Act > Pex7-i flies compared to control flies when infected with Ecc15 ( Figure S3D ), S. aureus ( Figure S3E ) or C. albicans ( Figure S3F ). Thus, ubiquitous reduction of Pex5 or Pex7 makes adult flies more susceptible to infection by a variety of pathogens.
To probe the contribution of peroxisomes in circulating hemocytes to the immune response, Pex5 and Pex7 expression was reduced in adult hemocytes by expression of dsRNA transgenes via the hemocyte-specific Hml promoter. Similar to findings in Act > Pex5-i and Act > Pex7-i flies ( Figure 4B ), Hml > Pex5-i and Hml > Pex7-i flies showed increased sensitivity to infection ( Figure 4F ) and increased bacterial load ( Figure S3G ). Therefore, compromised peroxisomal function in hemocytes makes adult flies more susceptible to bacterial infection.
Peroxisomes Regulate NO Turnover during Infection
Because NO has been linked to Drosophila bactericide capacity (Foley and O'Farrell, 2003) , we investigated whether peroxisomes function in regulating NO in cells. NO was measured in control, Pex5-i and Pex7-i cells before and after infection with E. coli. In control cells, NO increased $3-fold 3 hr after infection, while infected Pex5-i and Pex7-i cells did not show a comparable increase ( Figure 4G ), implicating peroxisomes in the regulation of NO during infection.
To ascertain whether Pex5 or Pex7 plays a role in NO turnover in adult flies, NO was measured in 2-to 3-day-old control, Act > Pex5-i and Act > Pex7-i flies infected chronically (6 hr) with Ecc15 ( Figure S3H ). Infected controls had approximately 2.5-fold higher amounts of NO compared to uninfected controls. In contrast, overall amounts of NO did not change in infected Act > Pex5-i flies or infected Act > Pex7-i flies versus their uninfected counterparts. Together, these data show that NO metabolism in response to bacterial infection is dependent on both Pex5 and Pex7.
p38-MAPK Signaling Is Affected by Depletion of Pex5 or Pex7
Activation of the conserved p38 MAPK pathway, involved in host defense in both mammals and Drosophila , can be measured by antibody detection of phosphorylation of p38 at amino acids T180/Y182. IFC revealed that the percentage of control cells positive for phosphorylated p38 (P-p38) doubled 90 min after E. coli infection; however, there was little change in the percentages of Pex5-i and Pex7-i cells positive for P-p38 upon infection ( Figure 4H ). The percentage of dead cells was higher in both infected and uninfected Pex5-i and Pex7-i cells compared to their respective controls. Our results are consistent with roles for peroxisomes in influencing signaling from the p38 MAPK pathway in response to bacterial infection.
Peroxisomes Are Required for Induction of the Antimicrobial Peptide Response ROS imbalance can activate the p38 MAPK pathway with effects on the inducible innate immune response in fly Foley and O'Farrell, 2003) and in mammals (Muralidharan and Mandrekar, 2013) . Two signaling pathways regulate this response to bacterial and fungal infection in Drosophila: the Toll pathway and the immunodeficiency (IMD) pathway (Lemaitre and Hoffmann, 2007) . The Toll and IMD pathways induce systemic production of overlapping, yet distinct, sets of antimicrobial peptides ( (H) Quantification of phosphorylated p38 (P-p38) in control, Pex5-i, and Pex7-i cells uninfected (À) or infected (+) with E. coli for 2 hr. Values reported in (G) and (H) represent the averages of 3 independent experiments ± SD. Statistical significance in (G) was determined using Student's t test; **p < 0.01; ns = not significant. Please see also Figure S3 . Lemaitre and Hoffmann, 2007) . Infection of control cells with Ecc15 induced expression of the Drosophila AMP genes Dpt ( Figure 5A ) and Att ( Figure 5B ) genes, with the greatest increase seen 4 hr after infection. AMP gene transcription under Ecc15 stimulus was suppressed after the infection was controlled (Figures 5A and 5B; 360 min). Pex5-i and Pex7-i cells infected with Ecc15 showed no induction of Dpt or Att expression ( Figures  5A and 5B). Dpt and Att are regulated by the Drosophila NF-kB homolog, Relish (Rel), which translocates to the nucleus upon cell infection (Lemaitre and Hoffmann, 2007) . RNAi-mediated reduction of Rel expression impaired AMP gene expression in response to Ecc15 infection ( Figure S4A ). IFC quantification of Rel localization (Figure 5C ) showed almost twice as many control cells with nuclear Rel 30 min after infection ( Figure 5C ). In contrast, the number of cells with nuclear Rel decreased after infection of both Pex5-i and Pex7-i cells ( Figure 5C ), confirming downregulation of immune signaling.
We determined whether reduction in AMP gene expression in Pex5-i and Pex7-i cells ( Figure 5 ) is linked to the IMD pathway by treating cells with activators of the IMD pathway. The IMD pathway can be activated by binding of the peptidoglycan recognition protein LC (PGRP-LC) receptor to polymeric peptidoglycan (PGN) (Lemaitre and Hoffmann, 2007) . Treatment of cells with polymeric PGN or heat-inactivated bacteria containing polymeric PGN in their cell wall resulted in increased Dpt expression in control, Pex5-i, and Pex7-i cells ( Figure 6A ). However, treatment of control, Pex5-i, and Pex7-i cells with tracheal cytotoxin (TCT), a bacterially secreted monomeric PGN that binds PGRP-LC and also the intracellular peptidoglycan recognition protein LE (PGRP-LE) receptor to activate the IMD pathway (Kaneko et al., 2006) , led to increased Dpt expression in control cells but no increased expression in Pex5-i and Pex7-i cells ( Figure 6B ). Our results are consistent with a scenario in which the innate immune response to monomeric PGN requires peroxisomes.
Peroxisomes Are Needed for Induction of the AMP Response in Adult Drosophila Given the reduced AMP response in Pex5-i and Pex7-i cells when challenged with Ecc15 and with TCT, we next determined whether there was a similar requirement for peroxisomes for generating the AMP response in adult flies. Flies were infected by thoracic injection of pathogen, as permissive short-term experimental analysis was not affected by sensitivity of Act > Pex5-i flies to wounding. Infection with Ecc15 induced Att and Dpt expression in control flies 6 hr post-infection ( Figure 6C ). However, neither Act > Pex5-i nor Act > Pex7-i flies showed increased Att or Dpt expression 6 hr post-infection ( Figure 6C ). The gene for Drosomycin (Drs) encodes an AMP that is induced by Gram-positive bacteria and fungi and, as expected, did not show increased expression in Ecc15-infected animals of all three genotypes ( Figure 6C ). Injection of Hml > Pex5-i and Hml > Pex7-i flies resulted in a reduced induction of Dpt expression compared to control hemocytes ( Figure 6D ). These data are consistent with the need for peroxisomes in hemocytes for full induction of Dpt expression in response to infection of the fly by Gram-negative bacteria.
The fat body also contributes to the Drosophila immune response (Lemaitre and Hoffmann, 2007) . We examined Dpt expression in flies in which Pex5 (Cg > Pex5-i) and Pex7 (Cg > Pex7-i) transcripts were specifically reduced in the fat body by RNAi driven by the Cg-GAL4 driver. The induction of Dpt expression in Cg > Pex5-i and Cg > Pex7-i flies was lower than that of control flies ( Figure 6E ). Thus, peroxisomes are required for modulating the AMP gene response to bacterial infection in both hemocytes and the fat body.
We tested whether the defect in immune signaling in Pex5-i and Pex7-i cells might be due to reduced uptake of bacteria by cells by comparing Dpt expression in uninfected or Ecc15-infected cells treated with the phagocytosis inhibitors cytochalasin B and latrunculin B ( Figure 6F ). Untreated and inhibitor-treated cells exhibited a 7-fold and 10-fold induction of Dpt expression, respectively ( Figure 6F ), demonstrating that reduced bacterial uptake does not inhibit the AMP response.
Peroxisomes Are Required for Toll-Dependent Induction of the AMP Response Gram-positive bacteria and fungi activate the Drosophila immune response through the Toll pathway (Lemaitre and Hoffmann, 2007) . Whereas Dpt expression is induced via the IMD pathway, Drs expression is induced by the Toll pathway (Lemaitre and Hoffmann, 2007) . S. aureus is known to activate the Toll pathway (Liu et al., 2016) . To test whether peroxisomes are involved in the Toll pathway-mediated immune response, we infected flies with S. aureus, and Drs expression was measured. In control flies, Drs was induced 150-fold 6 hr after infection ( Figure 6G) . A comparable induction of Drs was not observed in Act > Pex5-i and Act > Pex7-i flies ( Figure 6G ), suggesting that peroxisomes are required for the Toll-mediated immune response. The Wnt pathway is a known downregulator of the Toll pathway acting in a negative feedback loop through the transcription of Wnt oncogene analog 4 (Wnt4) upon activation of Dorsal, a Drosophila homolog of mammalian NF-kB (Gordon et al., 2005) . Figure 7A ). In contrast, reducing Cat expression (Cat-i) eliminated the induction of Dpt expression in response to infection ( Figure S4B ). Figure S4E ), this rescue of Dpt expression by sodium pyruvate was only partial when compared to infected treated control cells ( Figure S4D ). Therefore, reducing cellular ROS can compensate only partially the reduction in the AMP response to bacterial infection in Pex5-i cells.
NO has also been linked to the bactericide capacity of Drosophila (Foley and O'Farrell, 2003) . Cells and adult flies with impaired peroxisomes did not exhibit increased NO upon infection with Ecc15 ( Figures 4G and S3H ). We investigated whether NO could activate the immune response in flies without peroxisomes by evaluating the effects on Dpt expression of giving the NO donor, S-Nitroso-N-acetylpenicillamine (SNAP), to control and Act > Pex5-i adult flies. Dpt expression was followed using a reporter construct in which GFP expression is controlled by the Dpt promoter (Dpt-GFP). No GFP was observed in uninfected control or Act > Pex5-i flies ( Figures 7B and 7C ). 85% of control flies infected with Ecc15 produced GFP ( Figures 7B  and 7C ) within 6 hr of infection, while only about 5% of infected Act > Pex5-i flies produced GFP ( Figures 7B and 7C) . Treatment with SNAP induced Dpt expression in uninfected control flies, with 45% of flies produced GFP in the presence of SNAP versus no flies in its absence ( Figure 7C ), while treatment with SNAP increased the percentage of infected Act > Pex5-i flies with GFP to about 70% from 5% ( Figures 7B and 7C ). Our data show that peroxisomes regulate induction of Dpt expression in response to Gram-negative bacterial infection by regulating both H 2 O 2 and NO.
Pex7 Is Essential for Phagocytosis by Murine Macrophages
We examined whether peroxisomes are required for phagocytosis by mammalian macrophages by comparing the ability of bone marrow macrophages from homozygous Pex7 hypomorphic (Pex7 hypo/hypo ) mice (Braverman et al., 2010) Figures S5A-S5D ). The Pex7 mutations in each mouse strain were confirmed by reductions in Pex7 transcript and plasmalogens (Braverman et al., 2010) . Immunofluorescence microscopy showed that thiolase, which depends on Pex7 for its targeting to peroxisomes (Braverman et al., 1997) , localized to puncta characteristic of peroxisomes in Pex7 +/hypo macrophages (data not shown) and Pex7 +/À macrophages, but exhibited a diffuse fluorescence pattern characteristic of the cytosol in Pex7 À/À macrophages ( Figure S5E ).
Pex7
À/À macrophages exhibited a 25%-30% reduction in internalization of bacteria compared to Pex7 +/À macrophages ( Figure 7I ); this reduced internalization by Pex7 À/À macrophages was similar to the internalization by Pex7 +/À macrophages treated with cytochalasin B ( Figure 7I ). Our results demonstrate that peroxisomes are required by murine macrophages for phagocytosis of bacteria.
Peroxisome-Derived Lipids Influence Bacterial Phagocytosis by Murine Macrophages
Lipids have important roles in phagocytosis. Phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ) activates actin assembly at phagosome sites in infected macrophages (Anes et al., 2003) , and docosahexaenoic acid (DHA) increases the rate of phagocytosis in macrophages and neutrophils (Anes et al., 2003 ; Paschoal et al., 2013) . Phosphatidylinositols and DHA are made in mammalian peroxisomes (Jeynov et al., 2006; Waterham et al., 2016) . We treated Pex7 hypo/hypo macrophages with PtdIns(4,5)P 2 or DHA and tested their ability to engulf bacteria. IFC revealed that PtdIns(4,5)P 2 and DHA enhanced the ability of Pex7 hypo/hypo macrophages to engulf bacteria ( Figures 7G-7I ). Our data suggest that peroxisomal lipids influence phagosomal activity. We also performed a genome-wide transcriptional comparison of uninfected and bacterially infected S2R + cells that revealed transcriptional upregulation of a number of genes encoding enzymes involved in lipid metabolism (F.D., unpublished data). We validated these findings for a subset of genes by qRT-PCR and confirmed that the transcriptional upregulation of these genes was not observed in infected Pex5-i or infected Pex7-i cells ( Figure S5F ), suggesting that depletion of Pex5 or Pex7 transcripts compromises the ability of cells to mount an appropriate peroxisomal response to bacterial infection. Our data provide a segue to further investigations of the requirements of lipids and lipid metabolism in macrophagic resolution of infection.
We have demonstrated that peroxisomes are required to resolve infection through innate immune signaling. Peroxisome dysfunction results in an impaired response to microbial challenge that reduces cell and organism survival.
DISCUSSION
We earlier showed that peroxisomal proteins in Drosophila act analogously to their yeast and human counterparts and provided validation of Drosophila as a model to study the requirement for peroxisomes in the development and physiology of complex organisms (Baron et al., 2016; Mast et al., 2011) . Increasing numbers of important metabolic functions are being attributed to peroxisomes in addition to their long recognized roles in anabolic and catabolic reactions of lipid metabolism (Wanders and Waterham, 2006; Waterham et al., 2016) . Lipids are emerging as factors involved in innate immune defense, as systemic lipid changes accompany the acute phase of the macrophage response, and the de novo synthesis of bioactive lipids is needed for the resolution of inflammation (Neyen and Gordon, 2014) . Our findings identified a previously unexplored function for peroxisomes in innate immunity.
Reduction in Pex5, Pex7, and Pex13 expression compromised phagocytosis of bacteria by Drosophila S2 cells and adult flies. Phagocytosis is critical for development and immunological responses that mediate host defense (Aderem and Underhill, 1999; Gordon, 2016; Stuart and Ezekowitz, 2008 ). An earlier study had shown a requirement for Pex7 in the phagocytosis of C. albicans by S2 cells (Stroschein-Stevenson et al., 2006) ; however, no mechanistic link between Pex7 and phagocytosis was made. Since reduction in the transcript amounts of Pex5, Pex7, and Pex13 produced a similar reduction in bacterial uptake, our results are consistent with a scenario in which the peroxisome and its activities in toto, rather than a peroxisome-independent activity of Pex5, Pex7, or Pex13, contribute to phagocytosis.
The cytoskeleton rearranges during formation of the phagosome (Stuart and Ezekowitz, 2008) . Our results showed that peroxisome activity is required for reorganization of the cytoskeleton involved in forming the phagocytic cup and that reduced Pex5 or Pex7 expression results in a disorganized actin network and an altered distribution of the actin-nucleating protein, SCAR. Actin remodeling defects are a common feature of primary immunodeficiency disorders in which cell migration toward the site of infection or inflammation is affected (Moulding et al., 2013) .
We noted that peroxisomes were often juxtaposed to phagosomes. A study of rat macrophages had suggested that peroxisomes discharge catalase into phagosomes (Eguchi et al., 1979) . However, given our findings, it is likely that peroxisomes are involved in mediating the organization of the phagosome, progression of phagocytosis, and activation of immunity through ROS and RNS modulation. Peroxisomes are important producers and scavengers of ROS and RNS (Schrader and Fahimi, 2006) . ROS-mediated host defense was previously seen as a direct microbicidal activity, but recently ROS were shown to have important roles in the activation of immune cells, suppression of the immune response, and rearrangement of the cytoskeleton for the progression of phagocytosis (Gonzalez et al., 2013; Lam et al., 2010; Yang et al., 2013 . ROS production by infected cells would need to be under tight control to prevent extraneous damage to surrounding tissue. Such tight regulation was observed previously in mammals (Sareila et al., 2011) . We showed that reduction in Pex5 or Pex7 expression impaired the normal ROS response to bacterial infection by S2R + cells, primary hemocytes, and flies. The RNS response of Pex5-i and Pex7-i cells was also compromised. The changes in ROS and RNS in Pex5-i and Pex7-i cells are most likely the result of abnormal peroxisomal function, perhaps with respect to the peroxisomes' prominent role in lipid metabolism. Lipid has been shown to signal RNS production during infection (Anes et al., 2003) , and oxidized lipids, byproducts of the phagosome oxidative burst, activate nuclear receptors that orchestrate lipid homeostasis and cross regulate NF-kB-driven immune responses (Neyen and Gordon, 2014) . The deregulation in ROS and RNS homeostasis that is observed upon infection of Pex5-i and Pex7-i cells implicates peroxisomes in the host response to infection through their regulation of the actin network to mediate phagocytosis and through their mediation of intracellular signaling pathways. The Toll and IMD pathways control the inducible immune response of Drosophila to bacterial and fungal infection and initiate a NF-kB signaling cascade that controls the production of distinct sets of AMPs (Lemaitre and Hoffmann, 2007) . The observed reduction of AMP gene expression in Pex5-i and Pex7-i cells in response to infection with Gram-negative bacteria or fungi supports a role for peroxisomes in regulating AMP gene expression through the IMD pathway. Time-course experiments excluded the possibility that the response of the IMD pathway was simply delayed in infected Pex5-i and Pex7-i cells.
Our study showed that peroxisomes modulated TCT-activated but not polymeric PGN-activated IMD signaling cascade. Although TCT and polymeric PGN activate the same signaling cascade, their kinetics of activation and resolution of the immune response are different. Given that endocytosis regulates the IMD pathway response to polymeric PGN (Neyen et al., 2016) , peroxisomes could be involved in modulating the endosomal vesicular trafficking that resolves the inflammation signaling elicited by TCT. Additionally, the influence of peroxisomes on the induction of AMP gene expression was not limited to the IMD pathway, since the absence of functional peroxisomes also altered expression of AMP genes activated specifically by the Toll pathway. How peroxisomes affect the expression of AMP genes regulated by the Toll pathway is uncertain at this time.
Peroxisomes likely generate signals that mediate the cytoskeletal rearrangement required for phagocytosis. In mammalian macrophages, phosphatidylinositol-4-phosphate and phosphatidylinositol-4,5-bisphosphate activate actin assembly at sites of phagosome formation (Anes et al., 2003) . Phosphatidylinositols are made in mammalian peroxisomes (Jeynov et al., 2006) . Also, ether lipids and complex lipids like ceramide, sphingosine, DHA and arachidonic acid have potent and highly complex effects on immune cells, including inhibitory and stimulatory effects on the actin cytoskeleton (Anes et al., 2003) . The amounts of these complex lipids are altered in patients with peroxisome biogenesis disorders (Braverman and Moser, 2012; Wanders and Waterham, 2006; Waterham et al., 2016) . A lack of peroxisomes could be envisioned to result in compromised cellular lipid homeostasis and altered lipid species that signal for formation of the phagosome. Our data showed that DHA and phosphatidylinositol-4,5-bisphosphate can rescue phagocytosis in Pex7 mutant murine macrophages. We also observed that bacterial infection of Drosophila S2R + cells induced the expression of a number of genes encoding enzymes involved in lipid metabolism; this induction response was absent in Pex5-i and Pex7-i cells. Future studies analyzing the lipid profiles of uninfected and infected Drosophila and mammalian cells should aid in identifying the lipid species required to trigger phagocytosis and initiate immune signaling. In closing, we have provided functional and mechanistic evidence for a requirement for peroxisomes for microbe-mediated phagocytosis in macrophages of Drosophila and mouse, which are evolutionarily separated by 900 million years. Peroxisomes act to eliminate a microbial infection by modulating the canonical innate immunity pathways through ROS and RNS signaling and the activation of the stress response kinase p38. Impaired peroxisomal function reduces organismal survival to infection and reveals a previously unknown requirement for peroxisomes in modulating signaling pathways that trigger phagocytosis and activate innate immunity. Our findings, together with earlier findings elucidating a role for peroxisomes in inducing antiviral factors (Dixit et al., 2010) , demonstrated that peroxisomes serve as critical subcellular hubs that promote immune responses in animals.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: ; P{Cg-GAL4.A}2 was from BDRC. The lines Hml-GAL4, UAS-GFP, and Dpt-GFP and CRQGAL4, UAS-GFP were gifts from Dr. Edan Foley, University of Alberta. The lines Act5C-GAL4/CyO and UAS-GFP were gifts from Dr. Kirst King-Jones, University of Alberta. Husbandry Drosophila lines were maintained at 25 C on standard BDSC corn meal medium. The age of the flies, when relevant, is specified. Infection For oral infection, flies were cultured on filter paper soaked in 5% sucrose or 5% sucrose containing S. aureus, Ecc15, E. coli, or C. albicans (all OD 600 = 200). Flies were transferred to fresh vials every 2 days, and the number of dead flies was determined daily.
For infection by microinjection, flies were injected into the thorax using 1-mm internal diameter, thin-walled glass needles pulled with a P-97 Flaming-Brown micropipette puller (Sutter Instrument) mounted to a PV830 microinjector and needle positioner (World Precision Instruments). Each fly was injected with 4 nL of Ecc15 (OD 600 = 200) in PBS or PBS alone (control). Injected flies were transferred to 29 C, and the number of dead flies was determined every 2 days. To generate survival curves for flies with RNA interference of Pex genes exclusively in hemocytes (Hml-driven interference), adult flies were anesthetized with CO 2 and infected by being pricked in the thorax with a thin needle that had been dipped into a bacterial working solution. For Dpt-GFP expression, Act > Pex5-i flies were first fed food containing 15 mM SNAP (Sigma-Aldrich) for 2 hr before anesthetization and infection with bacteria by pricking. Survival experiments were done at 29 C with 20-30 flies tested for each group. Surviving flies were transferred daily to fresh vials and counted.
Pex7 Mutant Mice
The Pex7 mutant mouse strains used were B6;129S-Pex7 hypo (hypomorphic allele) (Braverman et al., 2010 ) and B6;129S-Pex7 -(null allele) created from Pex7 hypo after deletion of exon 3 using the flanking loxP sites and the general Cre deleter strain, Tg(CMV-cre)
1Cgn. Mice used for this experiment were Pex7 +/+ , Pex7 À/À , Pex7 +/hypo and Pex7 hypo/hypo . Pex7 heterozygous hypomorphic, homozygous hypomorphic, heterozygous null, and homozygous null mutant strains exhibited reduced Pex7 transcript and reduced plasmalogens, whose synthesis is dependent on PTS2 protein import into peroxisomes (N.E.B., unpublished data). Colonies were maintained as stable inbred lines in the C57B6 and 129SVEV background under approved animal protocol #5358 abiding by the standards of the Canadian Council on Animal Care. Mice used were 6-month old males.
Hemocyte Isolation 30 third instar larvae of the genotype Hml > w 1118 , Hml > Pex5-i or Hml > Pex7-i expressing cytosolic GFP were bled into 100 mL SFXInsect Cell Culture Medium (GE Biosciences) containing protease inhibitors in an 8-chamber cover glass (Nunc, Thermo Fisher). Hemocytes were treated with zymosan particles composed of heat-killed E. coli (Thermo Fisher) and were cultured at 25 C for 3 hr or 16 hr. RNA was isolated from hemocytes of adult flies of the same genotypes as described (Chakrabarti et al., 2016) .
Cell Culture Drosophila Macrophage-like Cell Lineage Drosophila S2R+ cells were obtained from the Drosophila Genomics Resource Center and were grown in Schneider's Insect Medium (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine serum, 50 U penicillin/mL and 50 mg streptomycin sulfate/mL. Drosophila S2 cells expressing GFP-SKL were a kind gift from Dr. Ronald Vale, University of California San Francisco and were grown in SFX-Insect Cell Culture Medium supplemented with 50 U penicillin/mL and 50 mg streptomycin sulfate/mL. The sex of animals from which the cells were derived is indeterminate. Murine Bone-Marrow-Derived Macrophages Bone-marrow-derived monocytes were extracted, differentiated to macrophages and treated as previously described (Geng et al., 2015) . Bacteria and Yeast Cells mCherry-expressing E. coli was a kind gift from Dr. Stefan Pukatzki, University of Alberta and was cultured in LB broth at 37 C for 16 hr. GFP-expressing C. albicans was a kind gift from Dr. Alexander Johnson, University of California San Francisco and was cultured in YPD medium at 30 C for 24 hr. S. aureus was purchased from ATCC (ATTC 25923) and was cultured in tryptic soy broth (Sigma-Aldrich) at 37 C for 24 hr. Ecc15 was a kind gift from Dr. Edan Foley, University of Alberta and was grown in LB broth at 29 C for 24 hr.
METHOD DETAILS Reagents
Insoluble PGN isolated from E. coli was from InvivoGen. TCT was a kind gift from Dr. William Goldman, University of North Carolina. Rabbit antibodies to Rab5 and to Lamp1, and Alexa Fluor 488, Alexa Fluor 568 and Alexa Fluor 647 donkey anti-mouse or donkey anti-rabbit secondary antibodies, were from Abcam. Rabbit anti-SKL antibodies and rabbit anti-rat peroxisomal thiolase antibodies were prepared by the Rachubinski laboratory. Anti-P-p38 (9211) was from Cell Signaling. Antibodies to SCAR (P1C1-SCAR) were developed by Dr. Susan Parkhurst, Fred Hutchison Cancer Research Center and obtained from the Developmental Studies Hybridoma Bank. Antibodies to Relish (Drosophila NF-kB) (C 21F3) were developed by Dr. Svenja Stoven at Umeå University and obtained from The Developmental Studies Hybridoma Bank. Alexa Fluor 546-conjugated phalloidin and pHrodo Red E. coli BioParticles were from Thermo Fisher. Cy5 fluorescently labeled anti-CD11b (M1/70) or anti-F4/80 (BM8) antibodies were from BioLegend.
DHE Staining 1 3 10
6 S2 cells were treated with dsRNAs in a well of a 6-well plate for 3 days. After RNAi treatment, cells were infected for 1 hr with E. coli. Following infection, cells were incubated with DHE and Hoechst 33342 for 5 min and fixed in 4% paraformaldehyde in PBS for 4 min. Cells were then washed 3 times in PBS and either imaged immediately by confocal microscopy or analyzed by IFC.
Measurement of NO and H 2 O 2
For NO measurement, uninfected and infected S2 cells or flies were homogenized in 0.1 M potassium phosphate, pH 7.4, 0.015 M potassium chloride buffer, and clarified by centrifugation. The resultant supernatants were mixed 1:1 with Griess reagent (Sigma-Aldrich) and incubated at room temperature for 15 min. Total nitrite was estimated by spectrophotometric determination of the OD 595 . Nitrite amounts were calculated against a silver-nitrite-derived standard curve. NO amounts were normalized against protein amounts for each sample. Protein amounts were determined using a Qubit II fluorimeter (Thermo Fisher). Experiments were done in triplicate. For H 2 O 2 measurement, uninfected and infected S2 cells or flies were homogenized in PBS and clarified by centrifugation. H 2 O 2 amounts in the resultant supernatants were measured using the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Thermo Fisher) and normalized to protein amounts. Experiments were done in triplicate.
PGN and TCT Treatment of S2 Cells S2 cells were seeded into 6-well plates, grown to semi-confluency, treated with 1 mM 20-hydroxyecdysone for 24 hr, and then treated with 5 mg of PGN to induce the IMD pathway. Total RNA was extracted from cells 3 hr after addition of PGN and analyzed by qRT-PCR.
TCT was diluted into SFX-Insect Cell Culture Medium and mixed with Cellfectin II (Thermo Fisher) by vortexing. S2 cells were seeded into 6-well plates, incubated for 15 min at 22 C, and then treated with the suspension containing TCT at 1 mM, which was added dropwise to cells. Total RNA was extracted from the cells 12 hr after TCT treatment and analyzed by qRT-PCR.
Drug and Lipid Treatments
To inhibit phagocytosis, S2 cells were treated before infection with 20 mM cytochalasin B (Sigma-Aldrich), or 20 mM cytochalasin B and 10 mM latrunculin B (Cayman Chemical), for 1 hr. Murine bone-marrow-derived macrophages were treated before infection with 20 mM cytochalasin B for 1 hr. Murine bone-marrow-derived macrophages were treated before infection with 50 mM PtdIns(4,5)P 2 (Sigma-Aldrich) or 15 mM DHA (Sigma-Aldrich) for 24 hr.
RNA Interference, Infection, and Sodium Pyruvate Treatment dsRNAs were synthesized from a previously validated template library (Foley and O'Farrell, 2003) as described (Mast et al., 2011) . S2 cells were seeded in SFX-Insect Cell Culture Medium at 90% confluency and incubated with dsRNA at 4 mg/mL for 3 days. On day 4, bacteria or yeast cells were added to S2 cells at a ratio of 10:1. For sodium pyruvate treatment, cells on day 4 after dsRNA treatment were treated with 10 mM sodium pyruvate for 1 h; bacteria were then added to cells at a ratio of 10:1.
CFU Counting 6 3 10
5 bacterial cells were added to 1.1 3 10 5 S2 cells in a well of a 96-well plate for 2 hr or 16 hr. Plates were subjected to centrifugation for 3 min at 600 3 g, and supernatants were collected. Wells were rinsed with PBS, and supernatants and washes were pooled and subjected to centrifugation for 10 min at 3,750 3 g. The bacterial pellets were resuspended in 100 mL of LB broth and plated at various dilutions onto LB agar. CFUs were counted after 16 hr of growth at 37 C. To measure the bacterial or fungal burden during infection in adult flies, an individual fly from each vial infected with pathogen was picked every 48 hr, dipped into 70% ethanol and air-dried. Individual flies were mashed in 100 mL of sterile microorganism culture medium, and the mash was subjected to centrifugation to remove debris. The resultant supernatant was serially diluted, plated onto solid nutrient medium, and incubated at 37 C (bacteria) or 30 C (fungi) until there were visible colonies, which were counted.
CELL MOTILITY ASSAY
S2 cells or Pex5-i cells were seeded at 90% confluence. Cells were then depleted from a defined area of the culture dish. The depleted area was imaged (time 0); cells were then incubated for 16 hr at 25 C, and the originally depleted area was again imaged.
Cell Sorting
Fluorescently labeled S2 cells were sorted on a FACSAria III sorter using FACSDiva 6 software (BD Biosciences). GFP was excited with a 488 nm laser, and its fluorescence was detected with 530/30 nm filters. RFP was excited with a 561 nm laser, and its fluorescence was detected with 610/20 nm filters. A 100 mm ceramic nozzle was used with sheath pressure of 20-25 PSI and an acquisition rate of 3000-3500 events per second. Cells positive for both GFP and RFP were selected.
RNA Extraction and qRT-PCR
Adult flies or cells were rinsed twice with PBS, transferred to TRIzol reagent (Thermo Fisher), and snap-frozen in liquid nitrogen. Total RNA was extracted using the RNeasy-Micro Kit (QIAGEN) following the supplied protocol. RNA was reverse transcribed using the iScript cDNA Synthesis kit (Bio-Rad), and the synthesized cDNA was used for qPCR using the SYBR-Green PCR master mix
